Yersinia pestis, the causative agent of plague, has recently diverged from the less virulent enteropathogen Yersinia pseudotuberculosis. Its emergence has been characterized by massive genetic loss and inactivation and limited gene acquisition. The acquired genes include two plasmids, a filamentous phage, and a few chromosomal loci. The aim of this study was to characterize the chromosomal regions acquired by Y. pestis. Following in silico comparative analysis and PCR screening of 98 strains of Y. pseudotuberculosis and Y. pestis, we found that eight chromosomal loci (six regions [R1 pe to R6 pe ] and two coding sequences [CDS1 pe and CDS2 pe ]) specified Y. pestis. Signatures of integration by site specific or homologous recombination were identified for most of them. These acquisitions and the loss of ancestral DNA sequences were concentrated in a chromosomal region opposite to the origin of replication. The specific regions were acquired very early during Y. pestis evolution and were retained during its microevolution, suggesting that they might bring some selective advantages. Only one region (R3 pe ), predicted to carry a lambdoid prophage, is most likely no longer functional because of mutations. With the exception of R1 pe and R2 pe , which have the potential to encode a restriction/modification and a sugar transport system, respectively, no functions could be predicted for the other Y. pestis-specific loci. To determine the role of the eight chromosomal loci in the physiology and pathogenicity of the plague bacillus, each of them was individually deleted from the bacterial chromosome. None of the deletants exhibited defects during growth in vitro. Using the Xenopsylla cheopis flea model, all deletants retained the capacity to produce a stable and persistent infection and to block fleas. Similarly, none of the deletants caused any acute flea toxicity. In the mouse model of infection, all deletants were fully virulent upon subcutaneous or aerosol infections. Therefore, our results suggest that acquisition of new chromosomal materials has not been of major importance in the dramatic change of life cycle that has accompanied the emergence of Y. pestis.
Yersinia pestis, the causative agent of plague, is a highly uniform clone that has recently diverged from the enteric pathogen Yersinia pseudotuberculosis (2) . Despite their close genetic relationship, the plague bacillus and its recent ancestor differ radically in their pathogenicity and transmission. Y. pseudotuberculosis is transmitted by the fecal-oral route and causes enteritis of moderate intensity in humans (53) . In contrast, Y. pestis is transmitted by flea bites or aerosols and causes highly severe infections, i.e., bubonic and pneumonic plague (41) .
The transformation of Y. pseudotuberculosis into Y. pestis has been accompanied by the acquisition of two plasmids, pFra and pPla. The 101-kb pFra plasmid is required for colonization of and survival in the flea midgut and appears to increase the efficacy of infection after flea bites (50) . However, this plasmid is dispensable for pathogenicity of in vitro-grown Y. pestis upon subcutaneous (s.c.) infection in mice (21) or aerosol infection in African green monkeys (10) . The 9.6-kb pPla plasmid, which encodes the plasminogen activator and protease Pla, is critical for the virulence of some Y. pestis strains (63) . This plasmid was shown to be required for the translocation of the bacteria from their intradermal site of inoculation to the draining lymph node (54) but not for their direct dissemination to the bloodstream (51, 54, 63) . Nonetheless, recent studies have shown that Y. pseudotuberculosis, which is naturally deprived of pPla, can reach the lymph node draining the intradermal site of inoculation as efficiently as Y. pestis (22) . Therefore, the stage of the infectious process during which pPla exerts its activity remains unclear. Furthermore, acquisition of pPla is not sufficient to account by itself for the dramatic rise in virulence of Y. pestis, because there are natural isolates of Y. pestis that lack pPla and still are highly virulent to mice (63) or guinea pigs (49) after subcutaneous injection (49, 63) , and introduction of pPla in Y. pseudotuberculosis does not increase its virulence in mice (34, 42) .
Chromosomal determinants are thus likely to be involved in the modifications in pathogenicity and life cycle that accompanied the emergence of Y. pestis. Surprisingly, it appears that the transformation of the enteropathogen Y. pseudotuberculosis into the plague bacillus has mostly been characterized by extensive loss of genetic material and functions (8) . Ten chromosomal loci conserved in the species Y. pseudotuberculosis have been lost by Y. pestis during the course of its differentiation (43, 44) , and 208 genes present in the two species have been inactivated during the transformation process (8) . The natural inactivation of one of these genes has recently been shown to have participated to the change in Y. pestis mode of transmission (19, 57) .
In contrast, only a few new chromosomal genetic materials, designated here as Y. pestis specific, have been acquired during the transformation of an enteropathogen into the hypervirulent plague bacillus. One of these loci encodes a filamentous phage (Ypf⌽), which is stably integrated into the chromosome of Y. pestis Orientalis and participates (albeit moderately) to its pathogenicity (13) . This phage is mainly extrachromosomal and is lost at high frequencies in the other biovars of Y. pestis (13, 38) . Previous comparative genomic analyses of Y. pestis and Y. pseudotuberculosis have identified additional Y. pestisspecific genes (8, 27, 46, 62, 64, 65) . Some of these studies involved large arrays of Y. pestis strains (up to 260), but the number of Y. pseudotuberculosis isolates was often much more limited. Similarly, while the number of Y. pestis genome sequences available is increasing rapidly (http://www.ncbi.nlm .nih.gov/sutils/genom_table.cgi?databaseϭ386656), only two genomes of Y. pseudotuberculosis have been published until now (8, 17) . Nonetheless, since Y. pseudotuberculosis is a much older species, it displays a level of genetic polymorphism much higher than that of the relatively clonal species Y. pestis (2, 62) . Therefore, the delineation of Y. pestis-specific chromosomal regions based on the comparison with a few Y. pseudotuberculosis isolates could not be accurate.
In this study, a large panel of Y. pestis and Y. pseudotuberculosis strains was screened to identify chromosomal regions that specify the plague bacillus. The genetic organization, the potential mode of integration into the ancestral bacterial chromosome, the putative function, and the microevolutionary step at which the plague bacillus acquired these regions were studied. Finally, the role of these new genetic materials on Y. pestis growth, the ability to colonize and block fleas, and the pathogenicity in the mouse were evaluated.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The natural Y. pestis and Y. pseudotuberculosis isolates used in this study are listed in Tables S1 and S2 in the supplemental material. These isolates were taken from the collection of the Yersinia Research Unit (Institut Pasteur). The various Y. pestis CO92 derivatives constructed here are described in Table S3 in the supplemental material. All bacteria were grown in Luria-Bertani (LB) or M63S broth [KH 2 PO 4 , 0.1 M; (NH 4 ) 2 SO 4 , 0.2%; MgSO 4 , 0.02%; FeSO 4 , 0.00005%] with 0.2% glucose and 0.2% Casamino Acids and on LB agar plates supplemented with 0.002% (wt/vol) hemin at 28°C or 37°C. Chloramphenicol (25 g/ml), kanamycin (Km; 30 g/ml), or irgasan (0.1 g/ml) was added to the medium when necessary. The pigmentation phenotype of Y. pestis was determined after 4 days of growth on Congo red agar plates (58) . All experiments involving Y. pestis strains were performed in a biosafety level 3 (BSL3) laboratory.
In silico analysis of Yersinia genomes. The genome sequences of Y. pestis CO92 (40) and Y. pseudotuberculosis IP32953 (8) were compared pairwise using the Artemis Comparison Tool (ACT) (http://www.sanger.ac.uk/Software/ACT). Reannotation was performed using the AMIGene (annotation of microbial genes) software program (6) . DNA and protein sequences were analyzed with BLAST programs (3). The search for syntenies was performed with the tools implemented in the MicroScope platform (61) and available via the MaGe interface (https://www.genoscope.cns.fr/agc/mage/YersiniaScope).
DNA manipulations. Bacterial genomic DNA was extracted with an Isoquick kit (ORCA Research, Inc.). All primers used for PCR amplification are listed in Table S4 in the supplemental material. PCRs were performed by following a standard procedure, with 1 unit of Taq polymerase (Roche) or 1 unit of a 3:1 mixture of Taq and Pfu (Stratagene) polymerases in the supplier's buffer. DNA sequencing of PCR fragments was done by Millegene.
RNA isolation and transcript analysis. RNA extraction was performed with a TRI reagent kit (Ambion) on 4 ml of Y. pestis grown to stationary phase in LB at 28°C. DNA was removed from the RNA samples by adding 4 U DNase, as described in the instructions for the DNA-free kit (Ambion). Total RNA was quantified by optical density at 260 nm (OD 260 ), and 200 ng was used for reverse transcription-PCR (RT-PCR) analysis using primer pairs 623/624 (for control of RNA quality and absence of DNA) and 703A/B (for detection of YPO2469 specific mRNA transcript) (see Table S3 in the supplemental material).
Mutagenesis. Deletion of Y. pestis-specific sequences was done by allelic exchange with a Km (km) resistance cassette, in accordance with the short-flanking-homology procedure (14) for R1 pe to R5 pe and CDS2 pe and with the longflanking-homology procedure (14) for R6 pe and CDS1 pe . The Km resistance cassette was obtained by PCR amplification using plasmid pGP704N-km as a template and the primer pairs listed in Table S3 in the supplemental material. The PCR products were introduced by electroporation into Y. pestis CO92(pKOBEG-sacB), as described previously (14) . Recombinant colonies were selected on Km agar plates. Deletion of each target region was verified by PCR with primers located (i) on each side of the inserted Km cassette and (ii) within each specific region (see Table S4 in the supplemental material).
Animal infections. Prior to infection, the presence of the three plasmids was systematically checked by PCR with primer pairs 157A/157B (caf1), 159A/159B (pla), and 160A/160B (yopM). The presence of the high-pathogenicity island (HPI) was determined by plating the Y. pestis clones on Congo red agar plates. The animals used for s.c. and aerosol infections were 5-week-old female OF1 mice (Charles River). The animals were infected s.c. with 10 CFU/ml of bacterial suspensions from cultures grown for 48 h at 28°C on LB agar plates. Aerosol infections were induced by exposing mice for 10 min to an atmosphere containing droplets of a Y. pestis suspension (10 8 CFU/ml of saline). Droplets (1-m median size) were generated by a Raindrop nebulizer (Tyco) and were introduced in an all-glass aerosol chamber devised for a nose-only exposure of animals (37) . Lethality was recorded daily for 3 weeks. All animal experiments were performed in a BSL3 animal facility.
Flea infections. Xenopsylla cheopis fleas were infected by allowing them to feed on blood containing ϳ5 ϫ 10 8 CFU/ml of the various Y. pestis CO92 derivatives, using a previously described artificial feeding system (28, 29) . A sample of 20 female fleas was collected immediately after the infectious blood meal, placed at Ϫ80°C, and subsequently used for CFU plate count determinations of the average infectious dose per flea (28, 29, 33 ). An additional group of 45 to 113 fleas (approximately equal numbers of males and females) that took an infectious blood meal were maintained at 21°C for 4 weeks, during which time they were allowed to feed on uninfected mice on days 2, 6, 9, 13, 16, 20, 23, and 27. Immediately after each of these feedings, all fleas were individually examined under a dissecting microscope to determine how many had taken a normal blood meal (indicated by the presence of fresh red blood filling the midgut) and how many were blocked (indicated by the presence of fresh red blood only in the esophagus, anterior to the proventriculus) (29) . A matched group of uninfected control fleas that fed on blood containing no bacteria was routinely included in each infection experiment. Excess mortality [(percent mortality of infected fleas) Ϫ (percent mortality of uninfected control fleas)] was recorded during the 4-week period after the infectious blood meal. After 4 weeks, a final sample of 11 to 20 surviving female fleas was collected to determine the infection rate and average number of CFU per infected flea (28, 29) . (62) .
RESULTS AND DISCUSSION
In this study, we wanted to perform an in-depth analysis of chromosomal regions that specify Y. pestis in order to better understand how they might have been acquired and whether they participated to the change in life cycle and pathogenicity of the plague bacillus. These regions could have been horizontally acquired by Y. pestis after its divergence from Y. pseudotuberculosis, but it is also possible that a few of them were first horizontally acquired by the specific Y. pseudotuberculosis strain from which the plague bacillus emerged and then vertically transmitted to Y. pestis because their presence was a prerequisite for the emergence of the plague bacillus. Furthermore, the Y. pestis genome is known to undergo rearrangements that lead to loss of genetic material, as previously shown for the HPI (11) and the filamentous phage Ypf⌽ (13) . Taking all these considerations into account, we considered here as Y. pestis specific a locus present in most Y. pestis strains and absent from almost all Y. pseudotuberculosis isolates studied.
To identify all potentially critical regions, we proceeded in four steps: (i) the in silico comparative analysis of the genomes of CO92 and IP32953 was rerun, (ii) new primers were designed and used to screen the same set of 22 Y. pestis and Y. pseudotuberculosis isolates previously examined (8) to confirm the specificity of the regions studied, (iii) less-stringent criteria were used to select chromosomal loci that might have participated in the emergence of the plague bacillus (i.e., presence in most Y. pestis and absence from almost all Y. pseudotuberculosis strains), and (iv) the specificity and conservation of the selected loci were then tested across a large panel of 76 additional strains of the two species. Since one of these loci corresponds to the Y. pestis filamentous phage Ypf⌽, which has already been the subject of an in-depth analysis (13) , this genomic region was not included in the specific regions analyzed here.
Our in silico genomic comparison of CO92 and IP32953 allowed us to identify, in addition to the 21 clusters previously found, two additional Y. pestis CDSs, YPO1899 and YPO2469, that were absent from the genome of Y. pseudotuberculosis IP32953. These two CDSs were not retained in the initial comparative analysis (8) , probably because their predicted coding potential was low. However, since their functionality is unknown, we decided to keep them for further screening. The first PCR screening was then done to confirm the presence or absence of these 23 loci in the 13 Y. pestis strains belonging to evolutionary branches 1 and 2 (1) and the 9 Y. pseudotuberculosis strains of serotypes I to V previously analyzed, with 51 pairs of primers newly designed and located within one or more open reading frames (ORFs) of each locus (see Table S1 in the supplemental material). As explained above, the absence in a few Y. pestis strains or the presence in a single isolate of Y. pseudotuberculosis was not considered a redhibitory condition for the selection of a given locus. On the basis of these criteria, 10 of the 23 initial loci were not further considered Y. pestis specific (see Table S1 ). Despite the presence of two nonspecific ORFs (YPO3946 and YPO3947) in locus 21, this region was kept for further analysis because it also contained two specific ORFs (YPO3945 and YPO3948). Altogether, 13 loci were thus retained for the second screening (see Table S1 ). These included the two (62) or five (8) Y. pestis-specific clusters previously identified as well as eight additional loci, of which two corresponded to the two CDSs newly detected by our in silico comparative analysis.
The specificity of these 13 loci was further investigated using the same set of primers to screen by PCR a panel of 46 additional Y. pestis and 30 additional Y. pseudotuberculosis strains (see Table S2 in the supplemental material). This screen showed that the genomes of some Y. pestis strains (for instance, IP539, IP537, IP540, and IP566) were prone to frequent rearrangements leading to a significant loss of genetic material. These strains were isolated during the 1950s, and their genomic rearrangements most likely occurred upon prolonged storage. It also appeared that some loci (especially YPO2469, YPO2484, and YPO3616) were frequently lost (while others were systematically conserved), suggesting both that they are located in an unstable chromosomal region and that these regions do not carry genes essential for in vitro survival of Y. pestis. Since the number of isolates was large in the second screen, we decided to retain for further physiological analyses the loci for which Ն90% of the 39 Y. pseudotuberculosis strains studied during the first and second screens gave a negative or weak signal. As shown in Table S2 in the supplemental material, eight loci, corresponding to six regions (designated R1 pe to R6 pe ) and two CDSs (CDS1 pe and CDS2 pe ) met this criterion.
After our screening was performed, the genome sequences of three other Y. pseudotuberculosis strains (IP31758 [17] , PB1ϩ [http://www.ncbi.nlm.nih.gov/sites/entrez?Dbϭgenomeprj&cmd ϭShowDetailView&TermToSearchϭ28745], and YPIII [http: //www.ncbi.nlm.nih.gov/sites/entrez?Dbϭgenomeprj&cmd ϭShowDetailView&TermToSearchϭ28743]) became available. BLAST analyses between these sequenced genomes were performed and the nucleotide sequences of the eight Y. pestis -specific loci selected. This genome analysis confirmed the results of the PCR screen, except for YPO3945 in R6 pe (see Table S2 in the supplemental material). Indeed, a similar sequence (97% nucleotide identity) was found in the genomes of Y. pseudotuberculosis IP31758 and YPIII, although it lacked the start codon present in the Y. pestis sequence. A portion of YPO3945 was also found in the PB1ϩ genome. Sequence analysis of YPO3945 revealed that one of the primers that we used to amplify this locus was located in a region exhibiting a certain degree of polymorphism, which could explain our negative PCR results. This agrees with the results of the previous study (in which other primer pairs were used), showing the presence of this sequence in several Y. pseudotuberculosis strains (8) . Therefore, PCR screening, although sensitive, very convenient, and easy to perform, may overestimate the number of specific regions. YPO3945 should thus not be considered Y. pestis specific, but on the basis of certain peculiarities of R6 pe that will be described below, we decided to keep the entire region, and not only YPO3948, for future analyses.
Organization and putative functions of the Y. pestis-specific chromosomal regions. The results of the BLAST analyses performed on the deduced amino acid sequences of each region and CDS indicated that the majority of the coding sequences are predicted to encode hypothetical proteins or proteins of unknown functions (see Table S5 in the supplemental material). An in-depth in silico analysis of the organization and putative function of each specific chromosomal locus, along with a comparison with the homologous Y. pseudotuberculosis regions in which each Y. pestis-specific locus has inserted itself, was then performed.
CDS1 pe (YPO1899) is located at one extremity of the Y. pestis HPI (7) and, more specifically, at the 5Ј end of the IS100 copy (Fig. 1A) . This locus most likely corresponds to region A, previously found to be specific for the Y. pestis HPI (24) . Its putative start codon is situated within the inverted repeat of IS100. The YPO1899 predicted product shares no significant similarity with proteins in databases, but its DNA sequence contains a 159-bp region similar (70% nucleotide identity) to the iso-IS630 transposase of Salmonella enterica serovar Choleraesuis (GenBank accession no. D10689). To determine whether YPO1899 could be a functional coding sequence, we performed a reverse transcription assay (RT-PCR) on total RNA extracted from Y. pestis CO92 grown to stationary phase in LB at 28°C. No mRNA was detected (data not shown). Our results thus suggest that YPO1899 is not functional, although the possibility that this CDS is transcribed under other conditions cannot be ruled out. It is thus possible that this CDS is a remnant of an insertion sequence (IS) that, like IS100, inserted itself into a hot spot of IS integration. This is reminiscent of the local hopping of IS3 elements found at one extremity of the Yersinia enterocolitica HPI (47) .
CDS2 pe (YPO2469) is located within a region containing clustered, regularly interspaced short palindromic repeats (CRISPRs) (Fig. 1B) , which consists of 28 bp-long repeated sequences separated by 32-to 33-bp unique spacers (31) . Addition of new spacers renders these structures highly plastic and generates a polymorphism which can be used for phylogenetic analyses (45) . The fact that several Y. pestis strains were negative during our PCR screens (see Table S2 in the supplemental material) suggests that they had lost (or not acquired) the corresponding spacers. In CO92, the CRISPR region contains nine repeats, whereas in IP32953, there are 18 repeats (Fig. 1B) . However, the sequences in the CO92 and IP32953 spacers are different, indicating a different origin. The YPO2469 ORF overlaps several 28-bp-long repeated sequences, and its start and stop codons are located inside specific spacers (Fig. 1B) . Because of the peculiar features of YPO2469, we also performed RT-PCR on total RNA extracted from CO92 to see whether this putative ORF is transcribed. A transcript of the expected size was indeed detected (data not shown), thus confirming that, despite its unusual location, CDS2 pe is transcribed. A putative function could not be attributed to CDS2 pe , because it has no homologs in databases. CRISPRs were shown to provide resistance against phage infections in prokaryotes (5), but such a function has not been demonstrated for Y. pestis. R1 pe is a 11.7-kb-long region which carries 11 ORFs (YPO0387 to -0397) in the two orientations (Fig. 1C) (8) , most probably because of frequent rearrangements between the numerous IS present on the Y. pestis chromosome. The presence of an IS100 copy adjacent to R1 pe (or in R1 pe ) suggests that the integration event was followed by IS-mediated chromosomal rearrangements in Y. pestis. The very low GC content of the central ORFs in R1 pe is suggestive of a mosaic structure resulting from successive integration events. This hypothesis is reinforced by the presence of remnants of transposable elements (ISR1 and IS21) in this region (see Table S5 in the supplemental material). Most of the genes on R1 pe are predicted to encode products with low or no homology with known proteins. However, three may play a role in DNA restriction/modification. One of them, located in the low-GCpercentage portion of R1 pe , would be a methylase (YPO0391), while two adjacent sequences (YPO0387 and -0388) at the left-hand extremity of R1 pe have the potential to encode a complete restriction/modification system similar to the McrB system of Escherichia coli (see Table S5 ). Remarkably, R1 appears to have been exchanged with a Y. pseudotuberculosisspecific region (YPTB0535 to -0537) coding also for a restriction/modification system. This region was shown to play a major role in Y. pseudotuberculosis pathogenicity (44) .
R2 pe is a 7.8-kb region composed of five CDSs (YPO1668 to -1672) (Fig. 1D) . This region has inserted itself between YPTB2403 and YPTB2404 in the genome of the Y. pseudotuberculosis ancestor. No mobile elements adjacent to R2 pe could explain its site of integration into the Y. pestis genome. The YPO1672 ORF located at the right-hand extremity of R2 pe is predicted to encode a large protein of 1,268 amino acids (aa) which has two paralogs on the CO92 chromosome, YPO0765 (82% identity in 1,206 aa) and YPO0309 (81% identity in 1,199 aa). This identity concerns the last two-thirds of the encoded products, while their NH 2 extremities are different. The conserved COOH portion of these proteins exhibits homology with a domain PL2 passenger and an autotransporter betadomain, suggesting that they encode autotransporter proteins of a type V secretion system. Many proteins secreted by type V secretion systems have been linked to virulence in Gram-negative bacteria (25, 26) . Recently, one Y. pestis autotransporter adhesin (YapE, encoded by YPO3984) has been shown to be required for efficient colonization of the host during bubonic plague (36) . The other ORFs (YPO1668 to YPO1671) carried by R2 pe share similarity (63% to 85% identity) with CDSs of Proteus mirabilis that exhibit the same gene organization and that are putatively forming a sugar transport system (see Table  S5 in the supplemental material). Interestingly, one of the Y. pseudotuberculosis-specific regions (R5 pst ) that was shown to have been lost during the emergence of Y. pestis is also putatively involved in sugar transport (43) . However, this Y. pseudotuberculosis-specific region was not found to be important for the physiology or pathogenicity of this species.
R3 pe is a very large region (41.7 kb) composed of 52 ORFs (YPO2084 to -2136), which is predicted to be a lambda prophage ( Fig. 1E ; see also Table S5 in the supplemental material). This phage inserted itself between YPTB2404 and YPTB2405 in the genome of the Y. pseudotuberculosis ancestral strain, probably using its own machinery of insertion via a mechanism of site specific recombination. Indeed, an identical 31-nucleotide (nt) repeat (ATATTGAATAAGCCGAGTTG GGCTAAATAAC) is found at each extremity of the CO92 prophage. This 31-nt sequence is found in two copies flanking the prophage in all Y. pestis sequenced genomes, while this sequence is present in a single copy in the Y. pseudotuberculosis genomes. This suggests that the 31-nt sequence served as an att site for phage integration and, as classically observed during chromosomal insertion of lambda phages, resulted in a duplicated sequence upon integration. This putative prophage also carries at its left-hand extremity two genes predicted to form the phage insertion/excision machinery, i.e., an integrase (YPO2084) and an excisionase (YPO2087) (see Table S5 in the supplemental material). However, the int gene is interrupted by the insertion of an IS100 element which most likely inactivates it, suggesting that this phage is now stabilized in the Y. pestis chromosome. Another IS (IS285) is found at the other extremity of the prophage and has most likely inserted itself secondarily into the phage genome. In addition to int, another prophage-borne gene (YPO2103), predicted to encode a terminase, which is required for cleavage of the cos site and therefore for the encapsidation of the phage DNA, is interrupted by an IS285 insertion. Finally, the YPO2106 CDS (of unknown function) is truncated because of a frameshift mutation in its nucleotide sequence. Upon comparison of the genetic organization of the Y. pestis lambdoid prophage with that of the well-studied E. coli lambda phage, it appears that the regions coding for phage morphogenesis are similar, while the loci involved in lambda replication, regulation, and recombination are absent or divergent in the Y. pestis phage. This, along with the presence of several truncated genes and the fact that the size of the phage is drastically decreased in some Y. pestis strains, such as Antiqua (28.6 kb), Angola (23.6 kb), or Microtus (8.9 kb), suggests that the Y. pestis lambda prophage is nonfunctional and is undergoing a process of reductive evolution. Interestingly, the lambdoid phage closest to that of Y. pestis is found in the genome of Y. enterocolitica Ye8081 (59). Indeed, 25 of the R3 pe ORFs have homologs in a region of the Ye8081 genome predicted to be a prophage. Despite a high level of conservation of some genes, some other genes are much less conserved and some regions are different in the two prophages (see Table S5 ), suggesting that these prophages belong to the same phage family but that they are different or diverged long before independently infecting the Y. enterocolitica and Y. pestis branches.
R4 pe is a 2.7-kb region composed of four ORFs (YPO2483 to -2486), all in the same orientation (Fig. 1F) . R4 pe is flanked by two 98% identical 250-nt-long DNA repeats that are inside the 5Ј portions of two coding sequences, one in YPO2486 at the left-hand extremity of R4 pe and the other one in YPO2482, bordering the right-hand extremity of R4 pe . Remarkably, a segment sharing 97% and 98% nucleotide identity with the left and right 250-nt repeats, respectively, is also found within the YPTB2524 coding sequence on the Y. pseudotuberculosis chromosome (Fig. 1F) . This is highly suggestive of the insertion of a circular DNA molecule by homologous recombination between the 250-nt segment in YPTB2524 and the same sequence carried by the incoming replicon. This integration event has probably been accompanied or followed by secondary rearrangements at the site of integration since a single recombination event would not be sufficient to explain the genetic organization of this region in Y. pestis. As could be expected for an integration by a single crossing-over, two fusion ORFs were generated at each extremity, one composed of the entire YPTB2524 sequence, followed by a sequence brought by the replicon, creating YPO2486, and another mosaic ORF (YPO2482) composed of a portion of YPTB2524 fused to a portion of the downstream YPTB2523 CDS (Fig.  1F ). Of note, another copy of the 250-nt DNA segment is found within other CDSs in Y. pestis (YPO2490) and in Y. pseudotuberculosis (YPTB2527). Both of these CDSs have the characteristics of being located in the vicinity of the R4 pe integration site and of coding for very large proteins predicted to be hemolysins. YPO2486 also shares 38% similarity with a hemolysin/hemagglutinin-like protein HecA precursor from Erwinia chrysanthemi (48) . The other three ORFs carried by R4 pe (YPO2483 to -2485) are of unknown functions. They all have GC percentages lower than 39 and share little or no homology with proteins in databases, suggesting that they originate from a distantly related donor strain.
R5 pe is a 3-kb-long region composed of two ORFs (YPO3436 and -3437). Elements involved in gene mobility are found on each side: YPO3438, at the right-hand extremity encodes a putative integrase, and at the left-hand extremity, YPO3436 is truncated by the insertion of an IS100 element, which is itself followed by an IS1541 copy (Fig. 1G) . As already observed for R1 pe , the loci on each side of R5 pe are not adjacent on the Y. pseudotuberculosis IP32953 genome. Possibly, R5 pe was part of a larger mobile element and its integration into the Y. pestis chromosome was associated with intragenomic rearrangements via IS100 recombination. Similarly to the other two CDSs, the putative function of R5 pe remains unknown because its amino acid sequence shares no significant similarity with proteins in databases.
R6 pe is 1.9-kb long and is composed of four small ORFs (YPO3945 to -3948) in the two orientations (Fig. 1H ). This From the above data, we can thus hypothesize that R6 pe corresponds to a mobile element which can insert itself into bacterial chromosomes by site-specific recombination and which carries a conserved core sequence and a variable region in which different CDSs are found inserted. Whether the Y. pestis region was horizontally acquired after its divergence from Y. pseudotuberculosis or whether it was vertically acquired from an ancestor that had an identical region cannot be determined. However, the facts that none of the screened Y. pseudotuberculosis strains harbored YPO3948 and that the 15-nt right-hand repeat is different between the two species argue for the first hypothesis. Altogether, it thus appears that, based on the scars left by the insertion of the eight Y. pestis-specific chromosomal loci, a mechanism of acquisition can be predicted for most of them. The position of these loci on the Y. pestis CO92 chromosome indicates that six out of nine loci (when the Ypf⌽ genome is considered) are located in the region opposite to the origin of replication (Fig. 2) . Similarly, most of the regions lost by Y. pestis (i.e., Y. pseudotuberculosis specific) are also located in this part of the chromosome (Fig. 2) . The level of genetic polymorphism in bacterial chromosomes is known to be the highest in this portion of the chromosome, which contains the dif site where resolution of chromosomal dimers takes place during bacterial division (56) . Indeed, more than one-third of the acquisition or loss of genetic materials (from R4 pe to R2 pst ) (Fig. 2) in Y. pestis are concentrated in a region which represents only 5% of the entire Y. pestis chromosome. In two instances, the acquisition of the Y. pestis-specific loci seems to have occurred by exchange with a Y. pseudotuberculosis-specific region (with R3 pst replaced by Ypf⌽ and with R6 pst replaced by R1 pe ). In terms of functions, R1 pe , R2 pe , and R3 pe putatively encode a restriction/modification system, a sugar transporter, and a lambdoid phage, respectively, but no specific function could be attributed to the other five loci. It is noteworthy that no putative virulence factor was identified on any of the eight Y. pestis-specific chromosomal loci studied.
History of the acquisition and modification of the specific regions during Y. pestis microevolution. We wondered whether the eight specific regions studied here were acquired early or late after Y. pestis emergence from Y. pseudotuberculosis. A previous molecular phylogenetic study allowed us to design a microevolution tree for Y. pestis and to delineate a set of single-nucleotide polymorphisms (SNPs) that could be used to position a new isolate on this tree (1). Today, the complete genome sequences of 21 Y. pestis strains (Microtus 91001 [55] ; Pestoides A, Pestoides F, and Angola [18] ; Antiqua B42003004 [16] ; Nepal 516 [9] ; KIM10 [12] ; K1973002 [16] ; Antiqua [9] ; UG05-0454 and E1979001 [16] ; D106004 [52] ; D182038 [52] ; IP275, CA88-4125, and F1991016 [16] ; MG05-1020 and FV-1 [60] ; India 195; and PEXU 2 and CO92 [40] ) are available (listed at http://www.ncbi.nlm.nih.gov/sutils/genom_table .cgi?databaseϭ386656), but the positions of most of them along the microevolutionary tree are not known. To draw an updated tree, a subset of 16 SNPs defining the main branches and subbranches were selected among those previously identified (1), and their presence/absence in the 21 genomes was checked. This allowed us to position all strains for which no branching was yet assigned in the Y. pestis updated microevolution tree (Fig. 3) . The position of Y. pestis Pestoides A was confirmed using a second set of SNPs along the 0.PE4 branch. Furthermore, on the basis of the presence or absence of the s1 SNP, the 1.ANT strains could be differentiated into two subbranches (1.ANT 1 and 1.ANT 2 ) (Fig. 3) . CDS2 pe is a peculiar case because it is located within a CRISPR, which has the characteristics of being highly plastic and of generating a polymorphism (45) . We could nonetheless observe in our PCR screens that this CDS is present in only a portion of Antiqua and Medievalis strains, while it is found in all 23 Orientalis strains analyzed (see Table S2 in the supplemental material). All seven other specific loci were present in the genomes of all 21 sequenced Y. pestis isolates, including Pestoides strains which were not available for our PCR screens (Fig. 3) . This indicates that these seven loci were acquired very early during Y. pestis evolution, before the split of the most ancient branch (0.PE4) along branch 0. It also indicates that these regions were stably kept during the microevolution of the plague bacillus.
In a previous analysis of Y. pestis housekeeping genes, we were unable to identify a single polymorphic nucleotide at 21,881 synonymous sites within 36 Y. pestis strains because this species is remarkably monomorphic (2). We wondered whether this was also the case for the seven horizontally acquired regions, or whether peculiar mutations could specify some evolutionary branches. A detailed analysis of these regions at the gene level in the 21 Y. pestis genome sequences indicated a very high degree of nucleotide conservation, with some polymorphisms nonetheless. CDS1 pe was completely monomorphic in the 21 genomes analyzed, and R5 pe was also identical in 20 genomes except in Angola, which is known to be a very atypical strain (18) . Among various reasons that could explain this absence of polymorphism, one could be that these two regions were subjected to a strong selective pressure because they encode functions important for the Y. pestis life cycle. However, another explanation, and a more likely one, is that because of the small sizes of these regions, the chances of acquiring point mutations or deletions/insertions are lower.
For the other regions, a few sequence variations were observed, and some of these variations were informative in terms of Y. pestis microevolution. Indeed several SNPs/deletions in R1 pe and R3 pe were characteristic of branch 0 and of the 0.PE4 and 0.PE2 branches that split off along this branch early during evolution ( Fig. 3 ; see also Table S6 in the supplemental material). SNPb, one of the three SNPs found in R1 pe , occurred before the separation between branches 1 and 2 and thus characterizes all classical Y. pestis strains of branches 1 and 2. Along branch 2, one SNP in R3 pe defines the 2.MED subbranch. On branch 1, one SNP in R2 pe (see Table S6 ) specified the 11 strains (3 1.ANT 2 and 8 1.ORI strains) as the most recently emerged along branch 1 and confirmed the 1.ANT split evidenced by the s1 SNP (Fig. 3) . Curiously, the older 1.ANT 1 subbranch was characterized by mutations, including inactivating deletions (see Table S6 ), in three specific regions (R1 pe , R3 pe , and R6 pe ) (Fig. 3) .
Overall, R1 pe and R3 pe were the two specific regions in which the highest rates of genetic polymorphisms were observed. The fact that these regions are the two largest in size could explain at least in part their higher level of polymorphism. R3 pe corresponds to the lambdoid prophage genome.
FIG. 3.
Y. pestis microevolution tree with the steps at which the specific regions are predicted to have been acquired or to have undergone various mutations. The 21 Y. pestis strains for which a complete genome sequence was available were positioned on the microevolutionary tree based on the presence or absence of a set of 16 SNPs (indicated inside white ovals) shown to characterize the various Y. pestis phylogenetic branches (1). To position strain Pestoides A, additional SNPs defining branch 0.PE4 were examined. Among them, some were present (sA [s95, s96, s97, s99, s102, s104, s105, s114, s116, and s120]), while others were absent (sB [s94, s98, s100, s101, s106, s107, s108, s109, s110, s111, s112, s113, s115, s117, s118, and s119]). The hatched rectangle corresponds to the position in the tree where the Y. pestis-specific regions are predicted to have been acquired. The various mutations in specific regions that characterize phylogenetic branches are indicated by an arrow and a gray rectangle in which the type of mutation (SNP or partial deletion [⌬P] ) and the locus involved are indicated. A more detailed description of these mutations is presented in Table S6 in the supplemental material.
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The fact that deletions of large regions predicted to encode phage functions required for infection of a bacterial host occurred in different branches (in YPO2095 to YPO2135 in branch 0.PE4 and in YPO2087 to YPO2103 in the 1.ANT 1 subbranch) (Fig. 3) suggests a single acquisition event and further argues for a secondary process of reductive evolution. This, along with our above observation that some genes necessary for the phage physiology are inactivated in all strains, supports the hypothesis that a functional phage is not necessary for the Y. pestis life cycle and/or virulence. The level of polymorphism of R1 pe was the highest but corresponded mostly to SNPs that occurred in different genes without inactivating them (see Table S6 in the supplemental material).
Even the small, 6-nt deletion that arose early along branch 0 (but which could also be a 6-nt insertion in branch 0.PE4) was in-frame and therefore did not disrupt the coding sequence. Except for the presence of a putative DNA restriction/modification system, most of the genes carried by R1 pe have no predicted functions. The absence of inactivating mutations in this region, whatever the genes involved and the evolutionary branch, supports the hypothesis that this region may be useful for Y. pestis physiological or pathological processes. Mutagenesis of the Y. pestis-acquired regions and impact on bacterial physiological and pathogenic properties. To investigate the role of the eight specific chromosomal loci in the ability of Y. pestis to grow in vitro, to infect fleas, and to kill mice, each locus was individually deleted by allelic exchange with a kanamycin cassette. The ORFs encompassed by the deletions and the primers used to check that the replacements occurred as expected are indicated in Fig. 1 and in Table S4 in the supplemental material. The resulting deletion strains, with their designations, are listed in Table S3 in the supplemental material. To perform the deletions using the lambda red technology, the pKOBEG-sacB plasmid was introduced into Y. pestis strain CO92, yielding CO92p (see Table S3 in the supplemental material). Since the chromosome of Y. pestis is prone to frequent rearrangements (23) , and since we found that the presence of pKOBEG-sacB had no significant impact on Y. pestis pathogenicity, we decided not to remove this plasmid in the deletion mutants, in order to limit as much as possible subcultures which would increase the occurrence of genomic reassortments. During our previous analysis of Y. pseudotuberculosis-specific regions, we found that two CDSs (YPTB1495 and YPTB3368) were not deletable, because they are essential for IP32953 survival (44) . This was not the case for the Y. pestis-specific loci, as the eight specific regions were successfully deleted.
To determine whether some of these loci play a role in the ability of Y. pestis to multiply in vitro, the CO92p parental strain and the eight deletants were cultured in LB at 28°C (the optimal temperature for Yersinia growth) and 37°C (the in vivo temperature). No growth defects were observed in the various mutants, compared to the level for the CO92p parental strain (data not shown). Similar results were previously obtained with the various Y. pseudotuberculosis strains deleted of each specific region (44) . However, when these Y. pseudotuberculosis deletants were grown in the biochemically defined medium M63S, a growth defect could be observed for several mutants. The abilities of the eight Y. pestis deletants and the parental CO92p strain to grow in the M63S medium at 28°C and 37°C
were thus tested and compared. The growth curves of all strains were comparable, both at 28°C and at 37°C (data not shown). Therefore, none of the eight Y. pestis-acquired chromosomal loci are required for optimal bacterial growth, at least under the experimental conditions used here.
A major difference during the transformation of Y. pseudotuberculosis into Y. pestis has been a switch in the mode of transmission, from the oral route to flea bites. It could thus be expected that some of the chromosomal regions that specify Y. pestis participated in its adaptation to its new transmission cycle. This has been demonstrated for the two Y. pestis-specific plasmids: pFra is necessary for an efficient colonization of and survival in the flea midgut (30), as well as for an efficient transmission by fleas (50), whereas pPla is important for the dissemination of the bacteria from the intradermal inoculation site to the draining lymph node (51, 54) .
The key features of Y. pestis that facilitate flea-borne transmission and that differentiate Y. pestis from Y. pseudotuberculosis are (i) its capacity to colonize the flea gut without causing major damage during the early phase of infection (20) and (ii) its ability to block fleas. To determine whether the acquired regions could play a role in these Y. pestis characteristics in fleas, groups of 45 to 113 Xenopsylla cheopis fleas were artificially fed on blood containing similar inocula (1.5 ϫ 10 8 to 1 ϫ 10 9 CFU/ml) of each of the eight deletants or CO92p and were monitored for (i) early mortality 48 h after feeding and (ii) infection and blockage 4 weeks after infection.
Y. pseudotuberculosis exerts acute toxic effects on X. cheopis (20) . Soon after a meal on blood artificially infected with Y. pseudotuberculosis, about one-third to one-half of the fleas are moribund. In contrast, Y. pestis has gained the capacity to colonize the flea gut without causing major damage during the early phase of infection. None of the eight deletants or CO92p caused any acute toxicity to the fleas that took an infectious blood meal (data not shown), indicating that none of the Y. pestis-specific chromosomal loci play an essential role in the lower toxicity of Y. pestis for fleas.
The Y. pestis-induced blockage of the flea proventriculus is due to the formation of a biofilm produced by the products of the chromosomal hms genes (32) . Although Y. pseudotuberculosis harbors similar hms genes, this species does not block fleas (19) , indicating that other genetic determinants participate in this activity. As shown in Table 1 , blockage developed in all of the flea groups at a rate expected for the X. cheopis-Y. pestis infection model (29, 30) , indicating that none of the Y. pestis-specific loci is required for biofilm development in the flea proventriculus. Because fleas that become blocked can no longer take a blood meal, they rapidly starve to death. Thus, excess mortality can be used as an indirect indicator of blockage. In keeping with their ability to block fleas, all groups of infected fleas had elevated excess mortality rates of 15 to 58%, which is typical for X. cheopis fleas infected with Y. pestis (30) . The eight mutants were also able to produce a stable, persistent infection in the flea at rates equivalent to that of CO92p (Table 1) . The average bacterial load in infected fleas after 4 weeks was high for all the Y. pestis strains tested, ranging from 1.2 ϫ 10 4 to 7.4 ϫ 10 a slightly more efficient capacity of Y. pestis to infect and block fleas cannot be ruled out.
One of the major differences between Y. pestis and its ancestor Y. pseudotuberculosis is the acquisition by the former of an exceptional pathogenicity potential. Although the horizontally acquired pPla plasmid plays a major role in the virulence of most Y. pestis isolates, the facts that it is dispensable in some strains (35, 49, 63) and that its introduction into Y. pseudotuberculosis is not accompanied by an increase in virulence (34, 42) clearly indicate that other factors are required. One of them has been shown to be the Ypf⌽ filamentous phage (13) , but other Y. pestis-acquired chromosomal loci may have also played a role in this gain of virulence. However, when the mouse model of subcutaneous infection was used to mimic bubonic plague, the eight mutants were found to be as virulent as the parental strain CO92p (Table 2) . Y. pestis has also acquired the capacity to be transmitted by aerosols and to cause pneumonic plague. The capacity of the eight mutants to produce a lethal infection upon aerosol inoculation was tested by exposing mice to aerosolized droplets of a suspension containing 10 8 CFU/ml (three times the 50% lethal dose [LD 50 ]). All deletants killed 100% of the infected animals, with a mean time to death similar to that of the CO92p strain (Table 2) . Altogether, these results suggest that the acquired regions and CDSs studied here did not participate in the increased pathogenicity of Y. pestis, at least in our experimental mouse models of s.c. and aerosol infections.
Conclusions. Our study has identified eight chromosomal loci that were acquired soon before or early after the divergence of Y. pestis from Y. pseudotuberculosis. Surprisingly, we were unable to evidence an impact of these regions under in vitro and in vivo conditions. It is possible that acquisition of these regions provided no benefit to the bacterial host and, because Y. pestis is a recently emerged bacterium, that they did not yet have the time to be inactivated and eliminated by gradual mutations and/or deletions. This could be the case for the lambdoid phage (R3 pe ), in which several genes predicted to encode physiological functions are interrupted, as well as for CDS1 pe , which is probably a remnant of an insertion element and which is no longer transcribed. This is also true for many other genes in Y. pestis whose genomes are characterized by a massive gene inactivation (8) . However, the fact that the other regions, which were acquired early during Y. pestis microevolution, are conserved and potentially functional in the various evolutionary subbranches suggests that these regions have been subjected to a positive selective pressure for their maintenance and thereby that they should confer advantages at some steps of the Y. pestis biological cycle. If so, our inability to attribute a physiological role to these loci may have several reasons. One possible explanation would be that the functions of two or more acquired regions are redundant. Multiple deletions of the Y. pestis-acquired loci would thus be needed for a defect to be observed. In the flea model, although no effect on toxicity or proventriculus blockage was observed, it is still possible that the deletion of some loci had an impact on the efficiency of flea transmission, as recently observed for the F1 capsule (50) . Furthermore, since Y. pestis can be transmitted by many different flea species, some of which do not develop proventricular blockage to the same extent as X. cheopis (15) , testing the various mutants in other flea models might also be of interest. The absence of virulence impairment in the various deletants indicates that none of the Y. pestis-specific regions play a major role in Y. pestis pathogenicity. However, because of the extreme pathogenicity of the plague bacillus in the mouse model, minor virulence defects might be difficult to evidence. The use of more-resistant animal models could potentially disable the identification of subtle virulence impediments. Finally, Y. pestis has been shown to be able to survive in naturally contaminated soils for several weeks (4) and in burrows of wild rodents for several years (39) . The assumption that the acquired regions could participate to the long-term persistence of the plague bacillus outside an insect vector or a mammalian host may also be considered. Whatever the reasons for the absence of identified roles, our results suggest that, unlike what might have been assumed, the dramatic change of life cycle that has accompanied the emergence of Y. pestis is not attributable to the acquisition of a specific chromosomal locus.
